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ABSTRACT: Layered oxides have been intensively studied due to their high designability for various electronic functions. Here 
we synthesize a new oxide as epitaxial thin film form by pulsed laser deposition. Film characterizations including cross-section and 
plan-view transmission electron microscopy confirm that the film is composed of twisted stack of triangular-lattice Rh and Bi lay-
ers. We foresee that the concept of twisted oxide layers will open up a new route to design further functional layered oxides.
INTRODUCTION 
Electronic functions and their underlying physics are closely 
linked to the crystal chemistry. Especially for layered oxides, a 
wide variety of stacking structures of functional layers have 
been designed and created in recent decades.1 One such exam-
ple is cobalt or rhodium oxides containing CdI2-type CoO2 or 
RhO2 triangular-lattice layers, attracting attention as thermoe-
lectric materials since the discovery of high thermopower in 
NaxCoO2.2-4 A possible origin of the enhanced thermopower is 
the efficient entropy flow by the correlated electrons in the 
triangular-lattice layers.4-6 For exploring novel thermoelectric 
layered oxides, various compounds have been synthesized, for 
example by controlling the constituent elements,7-10 lattice 
systems,11-13 lattice strain,14 and stacking sequence of layers.15-
17 
Here we propose a new degree of freedom in designing lay-
ered oxides, i.e. a relative twist of the adjacent layers. Actually, 
in the research field of atomic layer materials such as graphene 
or transition metal dichalcogenides, the twist angle has been 
recognized as a new important parameter for tuning electrical 
and optical properties of stacked layers.18-21 In the following, 
we present a new compound with a twisted stack of oxide 
layers stabilized by epitaxy technique. For this purpose, we 
adopt a simple Bi-Rh-O system, because Bi with a relatively 
large ionic radius is expected to form a large triangular-lattice 
layer mismatched to the RhO2 layer. A new oxide film com-
posed of the twisted stack of triangular-lattice Rh and Bi lay-
ers is grown as a natural superlattice. 
 
EXPERIMENTAL SECTION 
Film Growth. Thin films were epitaxially grown by pulsed 
laser deposition. A ceramic target was prepared by mixing 
Bi2O3 and Rh2O3 powders at a ratio of 1:1, heating the mixture 
at 600 ºC for 12 hours in air, and then pelletizing and resinter-
ing it at 1000 ºC for 24 hours. For deposition, KrF excimer 
laser with a wavelength of 248 nm was used to ablate the tar-
get. Deposition was performed on (001) SrTiO3 and (111) 
MgAl2O4 single crystalline substrates, at substrate tempera-
tures of 400-1000 ºC with flowing O2 gas at pressures of 10-5-3 
Torr. The MgAl2O4 substrates were chosen for growing the 
twisted-layer oxide under the optimum conditions of 800 ºC 
and 0.3 Torr, while the SrTiO3 ones were used mainly for ex-
ploring stable phases over the wide temperature and pressure 
ranges. Typical laser fluence and repetition rate were 1.4 J/cm2 
and 10 Hz, respectively.! 
Figure 1. (a) Growth phase diagram of the Bi-Rh-O system as 
functions of substrate temperature Tg and oxygen pressure PO2, 
classified into four regions based on XRD patterns, as denoted 
with triangles (metals), circles (a new compound), squares (simple 
oxides), and diamonds (amorphous). Typical XRD scans for the 
closed symbols are shown in (b)-(d). Broken lines represent the 
phase coexistence conditions for the pairs of Bi/Bi3+ or Rh/Rh3+, 
taken from the Ellingham diagram.22 SrTiO3 substrate peaks in the 
XRD scans are marked with crosses. 
Film Characterization. After growth, samples were char-
acterized by Rigaku SmartLab x-ray diffractometer, SII Nano-
cute atomic force microscope, and JEOL JEM-ARM200F 
scanning transmission electron microscope with energy dis-
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 persive x-ray spectrometer. Longitudinal and Hall resistivities 
were measured with a four-point probe method in a Quantum 
Design physical property measurement system. The Seebeck 
coefficient was measured with a conventional steady-state 
technique in a cryostat. Optical absorption spectra were ob-
tained by measuring transmission and reflectance at room 
temperature. 
 
RESULTS AND DISCUSSION 
Figure 1a summarizes a growth phase diagram of the Bi-Rh-
O system, obtained for the films grown on (001) SrTiO3 sub-
strates. The diagram is mainly classified into four regions 
(metals, a new compound, simple oxides, and amorphous) 
depending on temperature and oxygen pressure during the film 
deposition, as exemplified by x-ray diffraction (XRD) patterns 
shown in Figures 1b-1d. At high temperatures Bi and Rh are 
reduced into metal, while simple oxides are easily formed at 
low temperatures. In contrast, only a primary peak and higher 
harmonics corresponding to a d-spacing of 9.15(±0.05) Å, 
which cannot be found in the ICDD powder diffraction data-
base, appears for the middle narrow growth window of about 
700-800 ºC and 10-2-3 Torr, as shown in Figure 1c. Consider-
ing that this d-spacing is close in value to the out-of-plane 
lattice parameter in trilayer cobalt oxides,11-12 a similar layered 
compound is expected to be synthesized in the Bi-Rh-O sys-
tem. All the bismuth rhodium oxides listed in ICSD database 
have pyrochlore (Bi2Rh2O7), perovskite (BiRhO3), or 
todorokite (Bi6Rh12O29) structures, and a layered oxide with 
triangular-lattice composed of Rh and Bi has not been reported 
yet. 
For further optimization and detailed characterization, films 
were prepared on (111) MgAl2O4 substrates with triangular-
lattice surface. Figure 2a shows out-of-plane XRD scan of the 
film grown under the optimum conditions. The peaks are as-
signable to the phase-pure compound with (001) growth orien-
tation. A magnification around the (003) peak in Figure 2b 
shows clear fringes, and a rocking curve of the film peak in 
Figure 2c is fairly sharp, demonstrating high-quality epitaxial 
growth. As shown in Figure 2d, a surface topography taken by 
atomic force microscopy (AFM) exhibits typical spiral growth, 
yielding atomically flat step-and-terrace structures with a step 
height equivalent to the out-of-plane lattice constant. The film 
with higher crystallinity and surface flatness is obtained on the 
more lattice-matched triangular-lattice substrate, suggesting 
that its crystal structure is composed of Rh or Bi triangular-
lattice layers. 
Analysis of the in-plane atomic arrangement in this new 
layered compound is not straightforward. In-plane XRD recip-
rocal space map in Figure 2e reveals a rather complicated six-
fold symmetry pattern, which is composed of two triangular-
lattice patterns mutually twisted by 2θ (θ=arctan(√3/5)=19.1º). 
The in-plane lattice constant of both the patterns is 
8.05(±0.05) Å. The result indicates that there are two types of 
crystallographic domains (A and B) with the in-plane crystal 
axes misoriented by ±θ to the substrate ones. As compared to 
simulation in Figure 2f, the pattern can be assigned to twisted 
stack of the Rh and Bi triangular-lattice layers with a relative 
twist angle of ±θ, as detailed later. The observed diffraction 
spots are wholly ascribable to the simulated ones, while their 
intensity may be dependent on precise atomic positions includ-
ing oxygen. 
Figure 2. (a) Out-of-plane XRD scan of the new compound film 
grown on (111) MgAl2O4 substrate. The substrate peaks are 
marked with crosses. (b) Magnified view around the (003) film 
peak. The dotted curve represents a simulation using a film thick-
ness of 23 nm. (c) Rocking curve of the (003) peak with a full 
width at half maximum of 0.17º. (d) Typical AFM image of the 
film, with a cross-sectional view along the upper right line. (e) In-
plane XRD reciprocal space map, compared to (f) simulated one 
for twisted stacks of the triangular-lattice Rh and Bi layers with a 
twist angle of ±θ=±19.1º, as illustrated in Figure 3 (k). The up-
ward and downward triangles colored by calculated intensity de-
note diffraction patterns from two distinct types of crystal-
lographic domains, A and B, respectively. The substrate peak 
positions are also represented by crosses. 
Figure 3a shows a cross-section image of the twisted-layer 
oxide film, taken by high angle annular dark field (HAADF) 
scanning transmission electron microscopy (STEM). The 
STEM image indicates periodic stack of two continuous lines 
and one dotted line with a period of the out-of-plane d-spacing 
value determined by XRD, as clearly seen in the magnified 
image in Figure 3b. Energy dispersive x-ray spectrometry 
(EDX) maps for the same area are given in Figures 3c-3f, clar-
ifying that the continuous lines and the dotted line correspond 
to Bi bilayer and Rh monolayer, respectively. By carefully 
examining STEM images, we found a few minor regions with 
different appearance of the Bi and Rh layers (Figures 3h and 
3i), compared with the dominant pattern (Figures 3b and 3g), 
probably due to the in-plane misarrangement. In the views in 
Figures 3h and 3i, the Bi bilayer atoms with longer in-plane 
distances are clearly resolved. The above result indicates that 
the new compound is composed of the triangular-lattice Rh 
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 monolayers and Bi bilayers with different in-plane lattice spacings and orientations. 
Figure 3. (a) Cross-sectional HAADF-STEM image of the twisted-layer oxide film. (b) Higher-resolution magnified image and corre-
sponding EDX maps for (c) Bi L, (d) Rh L, and (e) O K edges. (f) Depth profile of Bi, Rh, and O, obtained by integrating the EDX counts 
along the horizontal direction in (c)-(e). (g)-(i) Other cross-section images demonstrating in-plane atomic arrangement in the respective 
layers and their stacking pattern, which are the same size as the solid rectangle in (a). (j) Electron diffraction pattern taken in plan-view 
configuration for a selected area with 150 nm diameter. (k) Top view of the stacking pattern including the MgAl2O4 substrate layer. In the 
chiral domain structures A and B, the triangular-lattice Rh monolayer and Bi bilayer are alternately stacked with a twist angle of 
±θ=±19.1º. The resultant in-plane unit cell is represented by the solid or dotted rhombus. The three arrows correspond to the line of sight 
for the images in (g)-(i). 
In general, two triangular lattices coupled at a twist angle 
form a quasiperiodic structure that has no unit cell.18-21 As 
evidenced by the in-plane x-ray and electron diffractions (Fig-
ures 2e and 3j), however, the new layered compound shows 
periodically modulated hexagonal patterns with the in-plane 
cell parameter of 8.05(±0.05) Å. The selected-area electron 
diffraction detects the single pattern from only one type of the 
two crystallographic domains, while their both patterns are 
observed in the entire-area in-plane XRD. Actually, owing to 
the special misorientation angle of θ=19.1º, the triangular-
lattice Rh and Bi layers with the different lattice spacings can 
be commensurately stacked, as illustrated in Figure 3k. While 
the Rh monolayer is coherently stacked on the lattice-matched 
substrate layer, the more expanded Bi bilayer is stacked with 
the commensurate rotation ±θ. The atomic arrangement is 
precisely periodic with a unit cell larger than the original Rh 
and Bi hexagonal unit cells. The domain structures A and B 
with opposite chirality are formed depending on the sign of the 
rotation angle, resulting in the observed and simulated in-
plane XRD patterns. The projected crystal images shown in 
Figures 3g-3i are also consistent with this structure model 
including the length scale. 
A schematic crystal structure including possible oxygen co-
ordination, formulated as Bi8Rh7O22, is illustrated in Figure 4a. 
In the twisted-layer oxide, edge-sharing RhO6 octahedra, 
called the CdI2-type layer, probably form the triangular-lattice 
Rh monolayer as many other layered rhodium oxides. The 
determined Rh-Rh distance of about 0.30 nm is also consistent 
with ones previously reported for the CdI2-type RhO2 layer.7-10 
On the other hand, the Bi bilayer is thought to consist of a 
(111)-oriented fluorite-type BiO block, considering that Bi-
based layered oxides with trigonal symmetry have the similar 
block structure.13,23 The stacking pattern in the TEM images in 
Figure 3 reveals that the c-axis is slightly tilted and the twist-
ed-layer oxide has triclinic symmetry with lattice parameters 
of a=b=8.05(±0.05) Å, c=9.32(±0.05) Å, α=83º, β=87º, and 
γ=120º. 
Fundamental electrical and optical properties of the twisted-
layer oxide are summarized in Figures 4b-4d. The Seebeck 
coefficient of 120 µV/K at room temperature is almost compa-
rable to those of other typical layered rhodium oxides.7-10,13 On 
the other hand, the in-plane resistivity shows semiconducting 
behavior with lowering temperature. Optical absorption spec-
tra give an energy gap of about 1.2 eV, which is close to val-
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 ues in typical Rh3+ oxides such as Rh2O324 and LaRhO3.25 This 
indicates that the twisted-layer oxide nominally consists of 
Bi3+ and Rh3+ oxidation states, as expected from the Ellingham 
diagram in Figure 1a, and that Rh 4d filled t2g and empty eg 
manifolds serve as the valence and conduction bands, respec-
tively. From the hole density of 2×1021 cm-3 determined by the 
Hall measurement, the rhodium valence is estimated to be 
3.15+, where the total valence in Bi8Rh7O22 is probably bal-
anced by a slight nonstoichiometry of oxygen or a mixed va-
lence state of bismuth. About 0.15 holes per Rh is consequent-
ly doped into the 4d6 state, leading to the p-type semiconduct-
ing conduction in the RhO2 layers. 
Figure 4. (a) Plausible schematic crystal structure for the twisted-
layer oxide. (b) Temperature dependence of the longitudinal in-
plane resistivity ρxx and the thermopower S. (c) Optical absorption 
spectra with an energy gap of about 1.2 eV, which is derived from 
linear extrapolation of the absorption edge. (d) Magnetic field 
dependence of the Hall resistivity ρyx, giving hole density of 
2×1021 cm-3. 
Here we have synthesized the new compound with the 
twisted-layer structure as epitaxial thin film form. Although 
epitaxy usually refers deposition of crystalline layers with 
aligned crystal axes, layers in this compound can be epitaxial-
ly stacked with a relative twist angle for higher commensurate 
ordering, because the lattice parameters of the adjacent layers 
are greatly different and the resulting energy cost needs to be 
reduced. Our findings open the door to design and create more 
twisted-layer oxides by controlling the misorientation angle as 
well as the constituent elements and stacking sequence. For 
example, rotation angles such as of θ=13.9º (=arctan(√3/7)), 
10.9º (=arctan(√3/9)) may allow other commensurate stacking 
of the triangular-lattice layers, with different element ratios 
and valence states. As a future work, substitution of the con-
stituent elements will also lead to explore new twisted-layer 
oxides and enhance thermoelectric efficiency through carrier 
doping. 
 
CONCLUSIONS 
In conclusion, in an effort to propose a new degree of free-
dom in designing layered oxides, we have grown the high-
quality twisted-layer oxide film with using an epitaxy tech-
nique. The film characterizations prove that the triangular-
lattice Rh monolayers and Bi bilayers with different lattice 
spacings are alternately stacked with the commensurate twist 
angle. As other typical thermoelectric rhodium oxides, holes 
doped into the Rh 4d6 state cause p-type conduction and rela-
tively high thermopower. The demonstrated concept of twisted 
oxide layers will provide a new route to explore further func-
tional layered oxides including thermoelectric materials. 
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